Androgen plays a critical role in the development and progression of prostate cancer. However, the regulatory role of androgen in the autophagic process and the function of the increased autophagosomes following androgen deprivation remain poorly understood. We found that autophagosomes, which were induced upon serum deprivation in LNCaP cells, can be significantly suppressed by dihydrotestosterone (DHT). Pharmacological inhibition of autophagy by 3-methyladenine led to increased apoptosis of LNCaP cells in serum-free medium compared to the medium with DHT or serum. Additionally, depletion of Beclin 1 to inhibit autophagy by small interfering RNA resulted in a slower proliferation of LNCaP cells in the medium depleted of serum than in the medium with DHT. Altogether, these findings suggested that LNCaP cells can resort to the autophagic pathway to survive under androgen deprivation conditions, which can be a novel mechanism involved in the transition of prostate cancer cells from an androgen-dependent to an androgen-independent cell type.
Introduction
Prostate cancer is very common in Western populations and is the second leading cause for male death from cancer in North America. 1 In recent years, the morbidity of prostate cancer in China and other Asian countries has been also steadily rising. 2 To overcome advanced prostate cancer, the commonly used treatment to date is the inhibition of androgen production and/or androgen function. Although most patients respond initially, the therapeutic effects often last only for a short period. Thereafter, the tumor cells gradually develop to be androgen-independent and resume proliferation even in an androgen-deprived environment.
Macroautophagy (hereafter referred to as autophagy) is one of the major pathways for degradation of cellular components in animal cells that controls the turnover of long-lived proteins and organelles. 3 Although initially identified as a process induced by cellular starvation, an autophagic pathway is now recognized as the cellular response to a variety of stimuli including starvation, hormone treatment, virus infection and various stress conditions. [4] [5] [6] Accumulating evidence suggests that autophagy acts in both cancer progression and suppression. Recent studies show that the autophagy and apoptosis pathways are regulated by common factors, share common components and exert overlapping functions. For example, the blockage of autophagic signaling increases apoptosis, whereas the inhibition of apoptosis may result in an autophagic programmed cell death. [7] [8] [9] The formation of autophagosomes is mediated by a set of evolutionarily conserved autophagy-related (Atg) proteins and inhibited by active TOR (target of rapamycin). Xu et al found that androgen treatment increased mTOR activity, which depended on an androgen receptor (AR)-stimulated mRNA synthesis in LNCaP cells. 10 Previous studies have also reported that the number of autophagosomes was increased in the epithelial cells of rat prostate gland after castration. 11, 12 Thus, it is probable that autophagy plays a role in prostate cancer cells when there is a lack of androgen.
In this study, we report first that autophagy is elevated in LNCaP cells under androgen deprivation conditions, which results in increased cell viability. We further propose that prostate cancer cells can utilize the autophagic pathway to survive in androgen deprivation conditions. formation of autophagosomes, 13, 14 was increased. On the other hand, fewer puncta were seen in the cells cultured in complete medium (CM) or SF medium with androgen (SFA). After 24 hours, the excess of autophagosomes in cells cultured in SF medium compared with the cells cultured in SFA became even more pronounced. To confirm this finding, LNCaP cells were transfected with the GFP-LC3 fusion protein, which is a specific marker of autophagosomes, and the cells were analyzed by confocal microscopy. After 24 hours, the punctate GFP-LC3 structures accumulated in the cells cultured in SF medium. In contrast, the number of punctate GFP-LC3 remained at a low level, when cells were incubated with DHT in SFA ( Fig. 1, middle) . Meanwhile, similar results were observed by using medium with charcoal-treated serum, a condition that is considered to lack steroid hormones including androgen (data not shown). Furthermore, the autophagic process was monitored using transmission electron microscopy (TEM), one of the most reliable measurements for autophagy. 15 The data of TEM indicated that autophagosomes were rarely observed when cells were incubated with either CM or SFA, but could be readily observed in SF medium, after 24 hours of incubation. The analysis of the area ratio of autophagosomes to cytoplasm demonstrated a significant difference between SF and CM or SFA (Fig. 1,  bottom) . Altogether, the data from light and electron microscopy indicated that the lack of androgen promoted the autophagic process in LNCaP cells. Lack of DHT enhances the expression of both LC3 and beclin 1 and reduces the phosphorylation of p70S6 kinase. Since it has been shown in morphological studies that the formation of autophagosomes is elevated in LNCaP cells in the absence of androgen (Fig. 1) , immunoblotting was employed to examine the protein expression of LC3. LC3 is a mammalian homologue of Atg8, a protein that is essential for autophagy in yeast and that is recruited to the autophagosome membrane in an Atg5-dependent manner. 16 Therefore, accumulation of autophagosomes is very likely to correlate with the increased expression of LC3. Given that LC3-II is usually more sensitive than LC3-I in immunoblotting tests, the ratio of LC3-II to actin was considered as a more accurate indicator for Figure 1 . Morphological analysis of the relationship between autophagy and androgen in LNCaP cells. Top: LNCaP cells were stained with MDC after culturing in CM, SF or SFA, respectively, for the indicated time. MDC-positive cells (%) were presented as the mean ± SD from three independent experiments. Statistical significance was analyzed by using one-way ANOVA and Student-Newman-Keuls analysis. "*" indicates a significant difference between SF and SFA at the same time point; "**" indicates differences with all other groups. Middle: Cells transfected with GFP-LC3 were cultured in CM, SF or SFA for 24 hours. The scoring system that was applied in the analysis of GFP-LC3 is the following: rank 1, 0-4 puncta in a cell; rank 2, 5-9; rank 3, 10-14; rank 4, 15-19; and rank 5, more than 19. Cell scores were non-normally distributed and are presented as the mean of at least 20 cells counted for each group. The difference between scores of SF and SFA was then analyzed by Mann-Whitney Test and the asterisk denotes SFA is significantly different from SF (p < 0.001). Bottom: Cells incubated in CM, SF or SFA for 24 hours were subject to transmission electron microscopy. The arrows indicate typical autophagosomes. The morphometric analysis of the area fraction between autophagosomes and cytoplasm was calculated by using ImageJ 1.36b software. The data of the area ratio were non-normally distributed and are presented as the mean of at least 20 cells counted for each group. The difference was then analyzed by Mann-Whitney Test and the double asterisk denotes that SF is significantly different from CM and SFA (p < 0.05). 17 Indeed, cells grown in medium without serum had a higher LC3 protein expression as compared with cells grown in CM. DHT treatment reduced the level of LC3-II at three different concentrations with the highest inhibition at 1 x 10 -8 M ( Fig. 2A) . Since DHT treatment reduced the level of LC3 protein ( Fig. 2A and B) , to further extend this observation, we next examined the expression of Beclin 1, another molecule that is known to be necessary for autophagy and to regulate autophagic initiation by forming a complex with the class III phosphatidylinositol 3'-kinase. 18, 19 As shown in Figure 2B , serum deprivation increased Beclin 1 protein levels, whereas addition of DHT partially inhibited the increase in Beclin 1 levels with a maximal inhibitory effect observed 12 hours following treatment. These findings further indicate that DHT can regulate the autophagic process in LNCaP cells.
The mTOR signaling pathway is involved extensively in cell activities including cell proliferation, death, metabolism and autophagy. [20] [21] [22] To test whether androgen withdrawal suppressed the activity of mTOR, the presence of phosphorylated p70S6K, the downstream effector of mTOR, was examined by immunoblotting. As shown in Figure 2C , the p-p70S6K level in the cells grown in SF was reduced prominently as compared with the cells in CM or in SFA after a 24 hour incubation. Furthermore, as a control, the phosophorylation of p70S6K could be blocked strongly by rapamycin, a mTOR inhibitor, at a concentration of 10 nM.
Autophagy is not responsive to androgen in PC-3 cells. To further verify that the autophagy that was enhanced by androgen deprivation is in fact related to androgen and the androgen receptor, we utilized PC-3 cells. This is another prostate cancer cell line, but it is reported to lack expression of the androgen receptor. 23, 24 Thus, PC-3 cells were used to mimic androgen-deprived conditions. As expected, the autophagic process in PC-3 cells was enhanced prominently after the cells were cultured in SF medium for 24 hours, compared with CM medium. However, addition of DHT could not reduce the occurrence of autophagy in PC-3 cells ( Fig. 3A and B) .
Blockage of autophagy results in increased apoptosis in the absence of DHT. To explore the function of increased autophagy under DHT-free conditions, the potential effects of pharmacological inhibition of autophagy in the LNCaP cells were examined. We used 3-MA (10 mM) which is known to inhibit the activity of the class III phosphatidylinositol 3'-kinase, prevent formation of autophagosomes and block autophagy. 25, 26 As shown in Figure 4A , the amount of MDC-stained puncta was decreased in SF medium in the presence of 3-MA. Analysis of the percentages of the MDC-positive cells indicated that the difference was statistically significant (Fig. 4B) . Thereafter, we employed flow cytometry to examine apoptosis under various conditions in cells where autophagy was inhibited by 3-MA.
The cells cultured in SF medium without 3-MA treatment were used as a control.
The cells containing annexin-V-FITC or PI were considered apoptotic or necrotic, and counted together. 3-MA treatment significantly increased apoptosis in SF-grown cells (p < 0.05). The number of apoptotic cells after 3-MA treatment was significantly reduced by the addition of DHT (SFA) or serum (SF + serum) to the SF medium (p < 0.05) (Fig. 4C and D) . These data demonstrated that the presence of androgen or serum decreased apoptotic processes caused by 3-MA. Depletion of Beclin 1 by siRNA amplifies the growth inhibitory effects of the absence of DHT. To better understand cell responses caused by the inhibition of autophagy in the absence of androgen, RNA interference was used to deplete the Beclin 1 protein. The amount of Beclin 1 protein in the cells was reduced by at least 90% by the specific siRNA duplex as compared to the control siRNA (Fig. 5A) . Consistent with previous reports, the reduction of Beclin 1 protein suppressed the formation of autophagosomes, as demonstrated by TEM (Fig. 5B) . 9, 27 Proliferating cells under different culture conditions were then counted using the MTT assay after depletion of Beclin 1, which was virtually a factorial design. In general, the repression of Beclin 1 caused a decrease of cell viability. The cells cultured in SF medium proliferated less than those in CM and SFA, both in the presence and absence of Beclin 1 siRNA (Fig. 5C ). Statistical analysis revealed that an interaction between medium type and RNA interference did exist (p < 0.05). In SF medium, siRNA knockdown of Beclin 1 delayed cell growth more than it did in CM or SFA (p < 0.05) (Fig. 5C) .
In order to verify that the decrease in cell proliferation was due to an autophagic ablation rather than other potential unknown apoptotic promotion factors, we utilized etoposide, which is an inhibitor of topoismerase II and has been widely used as a proapoptotic agent.
As seen in Figure 5D , cell viability was also decreased upon treatment with etoposide. Less cell growth was also observed in SF medium than in CM and SFA, both in the absence and presence of etoposide. Although there was still some difference between the growth of control and etoposide-treated cells in SF medium (p < 0.05), etoposide affected cell growth in SF medium to a lesser extent than in CM or SFA medium (p < 0.05), compared to Beclin 1 depletion (Fig. 5C and D) .
Discussion
An autophagic process is activated by androgen removal in LNCaP cells. Increased autophagosomes have been observed in the epithelial cells of the rat prostate gland after castration. 11, 12 However, the specific relationship between autophagy and androgen is poorly known. In the study, we used LNCaP cells as an androgen-dependent prostate cancer cells model. The morphological observations by electron microscopy and fluorescence microscopy revealed that autophagy is an essential process in the response to androgen deprivation in LNCaP cells, whereas PC-3 cells, which are androgen-independent, showed no response to androgen alteration. Using immunoblotting analysis of LC3 expression at the protein level further confirmed the observations with microscopy. Additionally, Beclin 1, which is critical for the autopahgic process, was found to be upregulated upon androgen-deprived conditions. All of these results imply that autophagy is activated in response to androgen deprivation in LNCaP cells. To our knowledge, this is the first indication of the relationship between androgen and autophagy in this androgen-dependent cell.
Autophagy is a conserved evolutionary process that is associated with many cellular responses. 3 In yeast or mammalian cells, the autophagic process can be initiated by nutrient starvation or growth factor withdrawal. Under a decreased energy state, the AMP-activated protein kinase, which is a sensor of the AMP/ATP ratio, is activated in cells, and the activation leads to inhibition of mTOR activity, ultimately through upregulation of the tuberous sclerosis complex 1/2. 28,29 mTOR is the mammalian homologue of yeast TOR. Besides playing a role in cell proliferation and apoptosis in many cell types, mTOR is a powerful regulator of the autophagic process. [20] [21] [22] 30 In LNCaP cells, androgen removal inhibits mTOR activity, and consequently causes cell growth arrest. 31 Conversely, androgen administration to LNCaP cells prominently augments the expression of many genes related to the transport of glucose and amino acids and stimulates mTOR activity. 10, 28, 32 For a long time, it has been recorded that androgen promotes protein synthesis and attenuates protein degradation in prostate and muscle tissue. 33 Therefore, androgen, mTOR and autophagy are probably coordinated at least by the nutrient status in LNCaP cells. Consistent with the previous reports, 31 androgen-deprivation was shown to decrease The statistical analysis revealed that an interaction between etoposide and medium type also existed (p < 0.001). The interaction between etoposide and serum (CM vs. SF) is significant (p = 0.038), and the interaction between etoposide and androgen (SF vs. SFA) is also significant (p < 0.001). In the histogram, "*" indicates a significant difference in the same medium at level p < 0.05, and "**" indicates a significant difference between various media for Beclin 1 siRNA or control siRNA treatment (C) and between these with or without etoposide treatment (D) by using one-way ANOVA. The statistical analyses of interaction were performed by using two-way ANOVA. Cell viability data are presented as the relative ratio of absorbance for ease of interpretation, but were statistically analyzed by using the original data. the phosphorylation of p70S6K. Given that p70S6K is a readout of mTOR activity and downstream effector of mTOR, these data suggest that androgen deprivation could indeed induce an autophagic process in LNCaP cells. Taken together, these results indicate that mTOR plays an important role in the mediation of autophagy in LNCaP cells. It has been published previously that, without androgen and serum, LNCaP cells tend to be growth arrested and apoptotic. [34] [35] [36] [37] In vivo, these prostate cancer cells can be largely induced to undergo apoptosis at the beginning of androgen-ablation therapy. 38 Additionally, several lines of evidence have illustrated the relationship between autophagy and apoptosis. 8, 39, 40 Therefore, elevated autophagy may play a role in response to the androgen deprivation.
Autophagy protects LNCaP cells in androgen deprivation conditions. To date, although autophagic cell death is considered to be type II programmed cell death, whether autophagy itself is causative or just occurs concomitant with cell death is still debatable. To determine whether the elevated autophagic process is protective or harmful for LNCaP cells, we used apoptosis and cell viability assays to reveal the role of autophagy in maintaining the growth of LNCaP cells cultured in the absence of androgen. Suppression of the autophagic process pharmacologically, resulting in the inhibition of autophagy, caused increased apoptosis of LNCaP cells. This indicates that the promotion of autophagy serves as a growth-protective mechanism, and facilitates cell survival. Our experiment with siRNA knockdown of Beclin 1 provides additional support for the data obtained using pharmacological inhibition of autophagy. Although the inhibition of autophagy will by itself affect the growth of LNCaP cells, cell growth in an androgen deprivation environment (SF) was delayed more significantly than that in the medium with androgen (SFA) or serum (CM). However, direct induction of apoptosis by etoposide showed a different trend of results. Hence, autophagy plays an important role in LNCaP cells when androgen is absent. The promotion of autophagy effectively safeguards the cells from apoptosis and potentiates cell proliferation. Taking a step forward, in patients, prostate cancer cells might exploit the autophagic pathway to antagonize apoptosis during androgen ablation therapy at least for a short period of time, and finally develop to be androgenindependent. This novel mechanism can be an important part of the network of signaling events contributing to the development of androgen-resistant prostate cancer.
Materials and Methods
Chemicals and antibodies. DHT, 3-methyladenine (3-MA), monodansylcadaverine (MDC), rapamycin and etoposide were purchased from Sigma Chemical Co. (St. Louis, MO). Antibody against microtubule-associated protein 1 light chain 3 (LC3) was also from Sigma. Antibody against p70S6 kinase was from Cell Signaling Technology, Inc (Beverly, MA, USA) whereas antibodies against Beclin 1 and b-actin were from Santa Cruz Biotechnology.
Cell culture and transfections with GFP-LC3. LNCaP cells (American Type Culture Collection, Manassas, VA) were used no longer than passage 15 and were maintained in RPMI 1640 (Gibco Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (Gibco). Before the change to serum-and phenol red-free medium (Gibco), LNCaP cells were washed twice with PBS to eliminate the remnant serum. DHT was used routinely at a concentration of 1 x 10 -8 M in ethanol unless otherwise indicated. Cells at approximately 60% confluence were transfected with GFP-LC3 using Lipofectamine 2000 reagent (Invitrogen). After transfection for 24 hours the cells were subjected to various treatments and subsequently fixed in 4% paraformaldehyde for 5 minutes and then analyzed using a scanning confocal microscope (Olympus, Japan).
PC-3 cells were purchased from American Type Culture Collection and routinely maintained in Ham's F12K medium (Gibco).
Labeling of autophagic structures with MDC. LNCaP cells growing on coverslips were incubated with 0.05 mM MDC added directly to the culture medium. After incubation at 37˚C for 1 hour, the cells were fixed in 4% paraformaldehyde for 15 minutes and immediately analyzed using a Zeiss epifluorescence microscope (Germany) with excitation and emission filters of 380 nm and 525 nm wavelength, respectively.
Electron microscopy. The cells were harvested by trypsinization, washed twice with PBS and fixed with ice-cold glutaraldehyde (3% in 0.1M cacodylate buffer, pH 7.4) for 30 minutes. After washing in PBS the cells were post-fixed in OsO 4 and embedded in Epon; 0.1 mm thin sections were stained with uranyl acetate/lead citrate (Fluka) and viewed in a JEM1230 electron microscope (Japan).
Immunoblotting. Cell pellets were lysed in Triton X-100/glycerol lysis buffer plus 1% sodium deoxycholate and 0.1% SDS, and then electrophoresed using 8% SDS-PAGE for Beclin 1 and p70S6K detection, and 15% for LC3 detection, and then transferred onto nitrocellulose membranes. After blocking with 5% nonfat dry milk, the membranes were incubated with the primary antibodies at 1:1,000 dilution overnight at 4˚C followed by the secondary antibodies conjugated with horseradish peroxidase at 1:5,000 dilution for 2 hours at room temperature. Protein bands were visualized on X-ray film using an enhanced chemiluminescence system (Pierce Biotechnology).
To determine the linear range of the chemiluminescence signals, X-ray films were quantitatively analyzed via densitometry.
siRNA transfection. The cells were seeded at 40% confluence per well in 96 well plates overnight and transfected with Beclin 1 siRNA (Dharmacon, Denver, CO) or control siRNA duplex (Santa Cruz, CA) using Lipofectamine 2000. The transfected cells were used for experiments after 72 hours.
Cell viability assay. 3-(4,5-Dimethylthiazol-2-yl)-2,5-dipheny ltetrazolium bromide (MTT, Roche, Germany) solution (10 μL, 5 mg/mL in PBS) was added to each well of the 96 well plate and incubated for 4 hours at 37˚C. The supernatant was discarded, and 150 μL/well dimethylsulfoxide (DMSO) was added to dissolve the formazan. The absorbance was immediately measured at 590 nm using a Sunrise Absorbance Reader (Tecan Group AG, Switzerland).
Flow cytometry. The cells were trypsinized (keeping all floating cells), washed with PBS twice, and then adjusted to 5 x 10 5 cells/500 μL in the binding buffer prior to incubation with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) according to the instructions of an Annexin-V-FITC Apoptosis Detection Kit (Biovision Inc, Mountain View CA) and finally analyzed by flow cytometry (FACSAria, Becton Dickinson).
Statistical analysis. All experiments were repeated three times and similar results were obtained. All data of normal distribution were presented as mean ± SD and were analyzed by one-way ANOVA. When significance was found, differences between groups C o p y r i g h t L a n d e s B i o s c i e n c e 2 0 0 8 were analyzed further by Student-Newman-Keuls analysis. Data of non-normal distribution were presented as mean without an error bar and analyzed by Mann-Whitney Test to determine the significance of the difference between two groups. The main effects of medium, siRNA or etoposide and their interactions were calculated by two-way ANOVA. A value of p < 0.05 was considered significant. All statistical analysis was done using SPSS 11.5 statistics software (SPSS, Inc., Chicago, IL).
